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Abstract 

The ATLAS and the CMS collaborations have presented results which show 
an excess of the h — >• 77 decay channel. In the Minimal Super symmetric Standard 
Model (MSSM), this situation can be achieved by a light stau and a large left- 
right mixing of the staus. However, this parameter region is severely constrained 
by vacuum stability. In order to relax the vacuum meta-stability condition, we 
focus on the parameter region where the mass difference between the two staus 
is large. This region has not been considered yet. In this paper, we show that 
staus with a large mass difference can relax the vacuum meta-stability condition 
sufficiently even if the lighter stau mass is kept light. We find that when the 
mass difference of two staus is large, the enhancement of the h — )■ 77 decay rate 
becomes small in spite of a relaxation of the vacuum meta-stability condition. 
Because of this feature, an 0(70)% enhancement of T(h — > r yy)/Y{h — > 77)sm is 
difficult to achieve in the light stau scenario in the MSSM. 
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1 Introduction 



The ATLAS [lj and the CMS \2\ collaborations discovered the Higgs-like particle, and 
measurements of the Higgs couplings to Standard Model (SM) particles have started at 
the LHC Especially, the measurement of the Higgs coupling to diphoton is interesting, 
since the Higgs to diphoton decay process is a one-loop level process in the SM and 
can be significantly influenced by new physics beyond the SM. Both the ATLAS and 
the CMS collaborations have reported that the observed diphoton signal strength is 
1.5 — 1.8 times larger than its SM prediction value, respectively [2111], 

M77)atlas = 1-80 ± 0.30 (stat)+J;^ (syst)+J^° (theory), 
M77)cms = 1-564 ±gjgg. (1) 

On the other hand, the other signal strengths are in agreement with SM predictions. 

Motivated by this experimental result, there is much literature about various new 
physics models [5Tfl2]. Literature about model independent effective operators is also 
reported [I3TI4"5] . In the Minimal Supersymmetric (SUSY) Standard Model (MSSM) 
scenario, a light stau and a large left-right mixing of staus can appropriately enhance 
A* (77) [22H25]- However, it was pointed out that a light stau and a large left-right 
mixing of staus may suffer from vacuum instability jlBHIB], and found that the vacuum 
meta-stability condition severely constrains the Higgs to diphoton decay rate [4"9W5"T] . 

In order to relax the vacuum meta-stability condition, we have focused on the 
parameter region where the mass difference of the two staus is large. In this parameter 
region, the heavier stau raises the quadratic term of the scalar potential, and the 
vacuum meta-stability condition can be relaxed even if the lighter stau mass is 
kept light. Thus, staus with large mass difference may be able to enhance the Higgs to 
decay rate. This region has not been considered in the literature [50l|5T] yet. In this 
paper, we will analyze in detail about this region. 

In addition, staus with large mass difference affect the Higgs to Z7 decay rate. Since 
SU(2)l isospin and hypercharge differ between the left-handed stau fx and the right- 
handed stau tr, the dependence of the Higgs to Zj decay rate as a function of f\ 
will change whether it is dominated by either the left- or right-handed stau. Therefore, 
staus with large mass difference may be able to affect both the Higgs to diphoton decay 
rate and the Higgs to Z7 decay rate with some correlation |52j . 

In this paper we analyze the Higgs to diphoton decay rate in a broad parameter region 
which includes stau with large mass difference in the MSSM. We do not assume any 
particular high-energy supersymmetry breaking structure. In addition, we show that 
when the mass difference of the two staus is large, the enhancement of the h — > 77 decay 
decreases monotonically for effective //tan/3, in spite of a relaxation of the vacuum 
meta-stability condition, and that the enhancement of the Higgs to diphoton decay 
rate is up to 40 % when the lighter stau mass is larger than lOOGeV. 

This paper is organized as follows. In section EJ we will evaluate the vacuum transition 
rate in a broad parameter region which includes staus with large mass difference, and 
show the effective tan j3 dependence of the stability bound. In section [3j we will apply 
the vacuum stability condition which will be calculated in section [2] to the Higgs to 
diphoton decay rate. Section @] is devoted to our conclusions and discussion. 
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2 Vacuum stability 

First, we consider the scalar potential for the neutral component of the up-type Higgs, 
h u , the left-handed stau, L, and the right-handed stau, f R . Neglecting the potential 
for the down-type Higgs is a good approximation when tan (3 and the CP-odd Higgs 
mass, Ma are very large. The scalar potential can be written as 
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where = v u + h u / a/2, and v u = v sin /3 with t> ~ 174 GeV. </ is the gauge coupling for 
U(1)y and g is the gauge coupling for SU(2)l- mi and are soft SUSY breaking 
slepton masses. We take account of only two effects at one-loop order, A t and A T . 
Note that the full one-loop effect influences the vacuum stability condition in a few 
percent [5Tj . 

The leading log term of the one- loop corrections for top/stop loops At is 



, : a I m~ m~ 



2ti 2 g 2 + g' 2 m 2 



where yt = mt/v sm.fi and m t is the weak scale running top quark mass. When A t ~ 1, 
the Higgs boson mass, ~ (1 + A t )m 2 z sin 2 (3, is enhanced to 126 GeV. 

A T is the correction from the tau non-holomorphic Yukawa coupling, and its 
contribution becomes significant at large tan/3 [5BH5B] . At the tree level, the tau 
Yukawa coupling is y T = m T /vcos(3. It is modified at the one-loop level as follows, 

m T 1 
v cos p 1 + A r 

The expression for the A T in the large tan /3 region is given as follows, 

A T ~ -//tan/3 ^^g 2 M 2 I(m 0T ,M 2 ,f Jl ) - -^g^MJ^m^m^M^ , (5) 
where 

a 2 b 2 In (a 2 /b 2 ) + b 2 c 2 In (b 2 /c 2 ) + c 2 a 2 In (c 2 /a 2 ) 
(a,6,C) " ( a 2_ 6 2 )(6 2_ c 2 )(a 2_ c2) • W 

In the above Mi(2) is the Bino (Wino) mass. If sign(fiM 2 ) = +1, the sign of A r is 
minus and its absolute value is O(0. 1) — 0(0.2) in the large tan/3 region. Note that 
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since, if y T /j, is held constant, A T contribution raises the scalar potential <^fy through 
the stau quartic term, L 2 f R , it can relax vacuum stability [5T] . 
Let us define tan (3 e s as follows, 

tan/3 eff = tan ft - . (7) 

Then, the tau Yukawa coupling is simplified at large tan/3, 

in 

Vt - — tanfteff. (8) 

v 

Since A r is dependent on many SUSY parameters, an analysis becomes complicated. 
For simplicity, in the rest of this paper we treat tan /3 e g as an input parameter in the 
tau sector instead of considering A T . 

The scalar potential (J2J) has some local minima, and the ordinary electroweak- 
breaking minimum is h u = L = tr = GeV vacuum. As the large left-right mixing 
of staus, i.e. large /xtanfteff, the new charge-breaking minimum which leads to the 
L ^ or tr 7^ vacuum develops. Then, the minimum becomes lower than the 
ordinary electroweak-breaking minimum. Eventually, the electroweak-breaking vacuum 
(false vacuum) causes vacuum decay to the charge-breaking vacuum (true vacuum) by 
quantum tunneling effects. 

The vacuum transition rate from the false vacuum to the true vacuum can be 
evaluated by semiclassical technique [23 EI]- The vacuum transition rate per unit 
space-time volume is evaluated as follows, 

£ = Ae~ B , (9) 

where the prefactor A is the fourth power of the typical energy scale in the potential, 
and expected to be roughly (lOOGeV) 4 . B is the Euclidean action which is evaluated on 
the bounce solution. When the vacuum transition rate per unit volume T/V is smaller 
than the fourth power of the current value of the Hubble parameter H ~ 1.5 x 10~ 42 
GeV, i.e. the lifetime of the false vacuum is longer than the age of the universe, 
the false vacuum becomes meta-stable. Then the vacuum meta-stability condition is 
approximately given as B > 4OC0. 

We analyzed numerically the Euclidean action B at zero temperature by 
CosmoTransitions 1.0.2 [[58] , which is the numerical package to analyze zero and 
finite temperature cosmological phase transitions for single and multiple scalar fieldfi 
In Figure [U we show the upper bounds on \x tan /3 e g which satisfy B > 400 and contours 
of the lighter stau mass in m^-m^ plane for A T = GeV, tan/3 e fr = 70, mh = 126 
GeV. The solid lines are the upper bounds on /xtan/3 e ffj and the blue dashed lines are 



lr This meta-stability condition has only logarithmic dependence of the Hubble parameter Hq and 
the prefactor A. So, even if the value of Hq or A changes 0(10)%, the change of this condition is less 
than one percent. 

2 In order to evaluate the bounce solution and the Euclidean action B numerically, we applied 
modules tunnelinglD.py and pathDef ormation .py. In order to evaluate them at zero temperature, 
we set the parameter a = 3 in the modules. 
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Figure 1: The solid lines are contours of the upper bound on /xtan /? e g which satisfy B > 400 
in — rrifR plane. The blue dashed lines are contours of the lighter stau mass rrifi , where 
/ztan/3 e g is taken to be the maximum value. We take A T = OGeV, tan/3 e ff = 70 and 
m h = 126 GeV. 

contours of the , where fi tan /3 e fr is taken to be the maximum value. When either 
mi or rrif R is large, we find that the vacuum mata-stability condition for /itan/3 e g is 
relaxed even if m fl = 0(100) GeV. Thus, in the case of staus with large mass deference, 
the upper bound of \i tan (3 eS can be enlarged. 

Let us discuss the tan/^ dependence of the upper bound on /^tan/^. At large 
tan fies, the upper bound on \i tan /3 e ff is alleviated by A T effects [51] . In Figure El 
we show the tan (3 eS dependence of the upper bound on fi tan f3 e g for A T = GeV, 
and m h = 126 GeV, normalized by the upper bound on /itan/3 cfT at tan/3 eff = 70. 
The blue lines correspond to the = m f R case, and the blue solid (dashed, dotted) 
line represents = rrifR = 300 (1000, 2000) GeV. On the other hand, the red lines 
correspond to the <C case, and the red solid (dashed) line represents = 200 
(300) GeV, rrirR = 1500 (2000) GeV. We showed that tan/3 e g- can certainly relax the 
upper bound of /ztan (3 eS that satisfies B > 400. We also found that the = rrifR 
cases are more sensitive to tan /3 eff than the stau with large mass difference cases. This 
is because, in the mi = rrifR cases the charged-breaking vacuum is L ~ tr ^ 0, and 
this vacuum of the scalar potential is more sensitive to tan /3 e s than the latter cases. 
As a rough estimate, we found that when tan/3 e fr ~ 90, the meta-stability condition is 
relaxed by about 5%, and when tan/3 e g ~ 20, the meta-stability condition is tightened 
by about 10%. 

We applied a fit of a function of and rrif R to Figured! The vacuum meta-stability 
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Figure 2: tan/3 e g- dependence of the upper bound on /j, tan Peg that satisfies B > 400, 
normalized by the upper bound on //tan/3 e ff at tan/3 e g = 70. We take A T = OGeV and 
rrih = 126 GeV. The blue solid (dashed, dotted) line corresponds to m L = rrifR = 300 
(1000, 2000) GeV, and the red solid (dashed) line corresponds to m L = 200 (300) GeV, m fR = 
1500 (2000) GeV. 

condition fitting formula is given by 

|/itan&ff| < 56.9 1 /m^m^ + 57.1 (m L + 1.03m fR ) - 1.28 x 10 4 GeV 

1.67xl0 6 GeV 2 A - - / 1 0.983 \ , x 

+ 6.41 x 10 7 GeV 3 + — =— . 10 

m L + m fR \m A L m% R J 

This formula can be applied in the region where mi, rrif R < 2 TeV, the error of this 
fit being less than 1 % in this region. It is valid in the case considering not only light 
staus but also staus with large mass deference. Note that an asymmetry of coefficients 
of mi and m^-R is reflected by D-term potential, i.e. g' 2 and g 2 terms in Eq. (J2J). 

Before proceeding, let us compare our results to the results of Ref . |48j . The meta- 
stability condition of the stau sector was evaluated numerically in the literaturd^]. Its 
formula is valid in the region where both of the staus are light, m^, m? R < 600 GeV. 
We checked that our results reproduce the results of the literature in this region well, 
see Figure EJ We show the meta-stability bound on /itan/3 e ff as a function of m fR . The 
blue lines correspond the meta-stability condition f|T0|) . and the red lines correspond 
meta-stability bound from Ref. [H]. We take mi = 250 GeV (solid) and mi = 500 GeV 
(dashed). We found that when either or mf R is 0(1) TeV, our results deviate from 



3 The result of the vacuum meta-stability conditionin [IS] was obtained as 



tan/3| < 213.5^/m^m^ - 17.0(m z + m fR ) + 4.52 x 1(T 2 GeV _1 (m z - m fR ) 2 

-1.30 x 10 4 GeV. (11) 
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Figure 3: Meta-stability bound on //tan f3 e s as a function of rn.fR- The blue lines correspond 
the meta-stability condition (fTUj) . and the red lines correspond to the meta-stability bound 
from Ref. |48j. We take m~ L = 250 GeV (solid) and m~ L = 500 GeV (dashed). 

the results given in the literature. We will discuss the influence of this deviation for 
the Higgs to diphoton decay rate in next section. 



3 Numerical analysis 

In this section, we analyze numerically the ratio of T(h — > 77) to its SM prediction, 
T(h — > 77)/r(/i — > 77)sm, including the parameter region of staus with large mass 
difference, and apply the vacuum meta-stability condition calculated in section [2] to 
the decay rate. 

In the MSSM, an analytic expression for the Higgs to diphoton partial width is given 
in Refs. [SUED], 



F{h -> 77) 



ami 
1024tt 3 



*™.AiM + £ 2 JMlN CJ Q)A\( T ,) + A®„ 

rn W f m f 2 



(12) 



^ 7 sv = E 9 -§^m^i) + E ^tt^IM + (13) 

/ / i=l,2 xf m H± 

where = m^/4mf, rrih is the lightest CP-even Higgs mass, N Cti is the number of 
colors of particle i, Qi is the electric charge of particle i, and the loop functions A^(t) 
and the Higgs couplings gu% are given in Appendix [Al 
In the light stau scenario, the ratio of the Higgs to diphoton partial width to its SM 
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prediction T(h — » jj)/T(h —> Jj)sm can be written in a simple formula as follows, 



where the stau mass eigenstates are given by fj = x t £tl + x r tr, (x t £) 2 + (x R ) 2 = 1- 
This simple formula implies that when the lighter stau mass m,fi is kept light, a large 
/xtan/3 e ff can enhance the Higgs to diphoton decay rate. On the other hand, it also 
implies that the lighter stau fi, which is dominantly constructed by right-handed stau 
f R or left-handed stau L (namely, x T £ «C x 1 ^ or x T £ ^> s^), suppresses the Higgs to 
diphoton decay rate. In this paper, let us call such a suppression of the Higgs to 
diphoton decay rate "the stau L-R mixing suppression" . 

In section [2j we showed that staus with large mass difference can relax the upper 
bound of /itan/3 eff . Therefore, it may be possible to enhance the Higgs to diphoton 
decay rate in spite of the stau L-R mixing suppression. In order to investigate the 
enhancement of the Higgs to diphoton decay rate when the mass difference of the two 
staus is large, we apply the vacuum meta-stability condition calculated in section |2] to 
T(h — > 77)/r(/i — > 77)sm, including the parameter region of staus with large mass 
difference. The Higgs to diphoton decay rate in this region has not been considered 
yet [SUE]. 

The result of our numerical computations are drawn in Figure H] and Figure EJ In 
Figure HJ we show the upper bound on T(h — > jj)/T(h —> 77)sm as a function 
of /itan/3 e fj, when and m f R are varied while keeping m^i = 100 GeV@. We set 
tan/3 efr = 70, A T = GeV, = m iR = m~ bR = 2 TeV, A t = 3.8 TeV, M 2 = 500 GeV, 
M 3 = 1.5 TeV and M A = lOTeVB The light green (yellow) region represents the la 
band of the observational result of the ATLAS (CMS) collaboration^. The blue solid 
(dashed) line represents the upper bound on T(h — >• •yy)/T(h — > -yy)sM under the 
vacuum meta-stability condition f JT0|) in the case of mi < irtfn {mi > mff>). The red 
line represents the bound under the condition (JTTJ) which is given by jH] . If we do not 
consider the vacuum stability, the upper bound of T(h — > •yy)/T(h — > 77)sm is given 
by the dotted line. 

In the low /i tan f3 e s region, fi tan f3 e g < 33 TeV, there are no constraints from vacuum 
meta-stability, and the Higgs to diphoton decay rate is the most enhanced in the case 
of mi ~ mtR [50] . On the other hand, in the high \x tan f3 e s region, /i tan /3 e ff > 33 TeV, 
it is constrained severely by vacuum meta-stability. In this case, the decay rate is 
most enhanced in the case that the mass difference of staus is non-zero, see Figure 2 
in Ref. [5U]. Note that there are two cases to enhance the decay rate, < m^R 



4 The current lower bound of the stau mass at 95 % CL is obtained by the DELPHI experiment at 
LEP, mfi > 81.9 GeV [6T1I62] . We take m^i = 100 GeV as reference. When m f i is lighter, the upper 
bound on T(h —> -f-f)/T(h — s> 77)sm varies by O(10) % 

5 This parameter region gives to/j ~ 126 GeV. Moreover, large Ma ensures the validity of analyzing 
the vacuum meta-stability of the scalar potential in three scalar field spaces (h u , L and f#) |51j . 

6 Note that the signal strength which was observed by ATLAS (CMS) is not equivalent to the 
ratio of the Higgs partial width to its SM prediction. For simplicity, we assume <r(pp — S> h)/a(pp — > 
h)sM x r(/i — > A11)sm /r(/i — > All) = 1 in this paper, and the signal strength becomes equivalent to 
the ratio of the Higgs partial width to its SM prediction, ^(77) — T(h ~>> 77)/r(A — > 77)sm- 
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Figure 4: The upper bound on T(h — > r y r y)/T(h — > 77)sm as a function of //tan/3 e ff> when 
and rrifR are varied while keeping rrifi = 100 GeV. We set tan/3 e g = 70. The blue solid 
(dashed) line represents the upper bound on T(h — >• jj)/T(h — > jj)sm under the vacuum 
meta-stability condition (|10p in the case of < rrifR (m^ > rrifR) ■ The red line represents 
the bound under the condition (|lip which is given by [48| . If we do not consider the vacuum 
stability, the upper bound of T(h — > 77)/T(/i — > 77)sm is given by the blue dotted line. 



and mi > rrifR. When ii tan /5 e ff becomes larger, a larger stau mass difference is 
required to enhance the decay rate under the vacuum meta-stability condition, e.g. 
the decay rate is most enhanced in the case of (m^,m^) = (155 GeV, 1650 GeV) and 
(1690 GeV, 153 GeV), when \i tan (3 eS = 120 TeV. As a result, we found that the upper 
bound on T(h — > jj)/T(h —> 77)sm decreases monotonically for /itan/3 off under the 
vacuum meta-stability condition ffTUj) . This result implies that the effect of the stau L-R 
mixing suppression in the Higgs to diphoton decay rate is always larger than that of the 
relaxation of the vacuum meta-stabiliity. We also found that the enhancement of the 
Higgs to diphoton decay rate is up to 35% at ~ rn fR and \i tan /3 eff = 32.5 TeV. This 
result is consistent with Ref. [SI]. In addition, in the high /itan/3 e g region, we found 
that the upper bound on Y{h — > jj)/T(h —> 77)sm under (|T0|) deviates significantly 
from the result under (TTT]) . The reason is that the vacuum meta-stability condition 
( ITT]) is a fitted formula for low and rrifR region. When the staus experience a large 
mass difference, it becomes unreasonable to apply (TTT]) as the vacuum meta-stability 
condition, see Figure EJ 

In Figure El we show the upper bound on T(h — > jj)/T(h —> 77)sm in the case 
we applied a 5%-relaxed or a 10%-severe vacuum meta-stability condition to T(h — > 
77)/r(/i — >• 77)sm- The 5%-relaxed and 10%-severe conditions represent the meta- 
stability condition under tan (3 eS ~ 90 and tan (3 e g ~ 20, see section |2J We take the same 
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Figure 5: The upper bound on T(h — > r y r y)/T(h — > 77)sm as a function of /it&nf3 e g, when 
and rrifR are varied while keeping m?i = 100 GeV. We set tan/3 e fj = 70. The red and 
green lines represent the upper bound under a 5%-relaxed and a 10%-severe vacuum stability 
condition. All solid (dashed) lines represent the results in the case of mi < m^R {m^ > mfR). 
If we would not consider the vacuum stability, the upper bound of T(h — > jj)/T(h — > 77)sm 
would be given by the dotted line. 

input parameters as the case of Figure HI The blue lines are also the same in Figure HI 
The red and green lines represent the upper bound on T(h —> jj)/T(h — > 77)sm under 
the 5%-relaxed and the 10%-severe vacuum stability condition. All solid (dashed) 
lines represent the results in the case of mi < m^R (mi > wifj?). The yellow and 
green regions are the same in Figure HJ As a result, we found that when we apply 
the 10%-severe and the 5%-relaxed condition to the Higgs to diphoton decay rate at 
m f i = 100 GeV, the enhancements in the decay rate are up to 25% and 40%, at 
//tan/3 e ff = 24.8 TeV and 36.7 TeV, respectively. 

4 Conclusions and Discussion 

The ATLAS and CMS collaborations discovered a Higgs-like particle, and the 
measurements of the Higgs couplings to SM particles started at the LHC. They have 
also presented the result of an excess in the h — > 77 decay channel. In the MSSM, 
this situation can be achieved by a light stau and a large left-right mixing of staus 
scenario. However, this parameter region is severely constrained by vacuum stability. 
When the mass difference between the two staus is large, the condition can be relaxed, 
since the heavier stau raises the quadratic term of the scalar potential. In addition, 
the tau non-holomorphic Yukawa coupling also can relax the condition, and its effect 
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can be expressed by tan /3 e g in the stau sector. 

In this paper, we evaluated the vacuum transition rate in a broad parameter region 
which includes the parameter region of staus with large mass difference. We found 
that staus with large mass difference can relax the vacuum met a-st ability condition 
sufficiently even if the lighter stau mass m^ x is kept light. Further, we got a fitting 
formula of the vacuum meta-stability condition as Eq. (ITU]) , and studied the tan/3 e ff 
dependence of the condition. For example, when tan/3 e fj ~ 20 or tan/3 fj ~ 90, the 
vacuum meta-stability condition changes to a 10%-severe one or to a 5%-relaxed one. 

Then, we analyzed numerically the ratio of the Higgs to diphoton decay rate to its 
SM prediction F(h — > jj)/T(h — > 77)sm, including the parameter region of staus 
with large mass difference. This parameter region has not been considered yet. We 
found that when the mass difference of the two staus is large, the h — > 77 decay rate 
decreases monotonically for \i tan /3 e g- under the vacuum meta-stability condition. This 
result implies that the effect of the stau L-R mixing suppression in the decay rate is 
always larger than the effect of the relaxation of the vacuum meta-stability condition. 
When tan/3 e fj = 70, the enhancement of Yih — > ■y r y)/T(h —> 77)sm is up to 35% at 
/xtan/3 e g = 32.5 TeV in the case of mi ~ infR. This results is consistent with Ref. |51j . 
We also found that when we apply 10%-severe vacuum condition ffTQ]) . and 5%-relaxed 
one to the decay rate at m f i = 100 GeV, the enhancement of the T(h — >• •yy)/T(h — » 
77) sm is up to 25%, and 40% at /itan/3 eff = 24.8 TeV, and 36.7 TeV, respectively. As a 
result, it is found that an 0(70)% enhancement of T(h — > jj)/T(h — > 77)sm is difficult 
in the light stau scenario in the MSSM. 

Furthermore, staus with large mass difference may be able to affect the Higgs to Z7 
decay rate [52]. Since SU{2)l isospin and hypercharge differ between the left-handed 
stau tl and the right-handed stau f R , the dependence of the Higgs to decay rate as 
a function of f\ will change whether it is dominated by the left- or right-handed stau. 
If it turns out that the Z7 signal strength is not in agreement with the SM prediction 
by future experiments, the light stau scenario with a large mass difference might be 
important. 
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Appendix 



A Loop functions and Higgs couplings 
A.l The Loop functions Af(r) 

Af(r) = 2 + 3r + 3r(2-r)/(r), 
Al(r) = -2r(l + (l-r)/(r)), 

2 

= r(l-r/(r)), (15) 

where 



arcsin 2 (w-), if r > 1, 

-i(ln(^)-m) , ifr<l, 
77 ± = (l±v / T^). (17) 

A.2 The Higgs couplings in the MSSM 



o 

0/»ww = -^=sin(/3 -a), (18) 
m/ cosa 

^//(uptype) - ^, (19) 

m/ — sin a 

^//(downtype) = T^^^ ( 20 ) 

(it it _ _ ^ . 2/i \ S 1777 ^ . / /~i \ v^^fCosaA . o 
(-/,,, + + Y L ) an' sm( Q + + ^J— j (**)» 

\ costV ^ snip / 

i V^m / /xsino ! + A/cosa / /f 
+ „ sin/3 

i T it \ • 2/1 \ fi^z • / m v^^fSinaA f 2 

W i( down type) = ^ (" V + (h,L + Y L ) Sin W ) — ^- fflllfa + /3) ~ ^ I (*L ) 

sma , f., 

-y K sin 2 ^^sin a + ^ ^ 2 

cos 6^ v cos [3 J 

V2m f fi cos a + A/ sin a /. /. 

v cos/3 [ZZ) 
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9h X +Xi = T/f (~ VilUi2 sina + VizUn cos a) , (23) 

( ,n m z cos 2/3 A 
9hH+H- = 9 % sm(/3 - a) + — — sin a + p) , (24) 

\ 2 COS tV / 

where Yl/r and h,L/R represent hypercharge and isospin of left /right-handed sfermion, 
sfermion mass eigenstates represented by fi = x^fi +^/k, Qw is the Weinberg angle, 
and a is a rotation angle which translates the gauge-eigenstate basis of the CP-even 
Higgs mass matrix into the mass-eigenstate basis of one. The chargino mass matrix can 
be diagonalized to a real positive diagonal mass matrix by two 2x2 unitary matrices 
U and V as follows, 

v *( M 2 V2m w sm(3\ v ^ = fm x ± \ 

\\/2m w cos p n J 1 m x ± J ' 
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